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This test proram vas performed at the request of the Bureau of Ordnance
(P.e3d) and vns perf ormed %-aer Task Number NCL-3d-53-i-5-5)

This report is a presentation of the Magus force aend moment characteristics
of the 7-Caliber AN Spinner Rocke• as determined from vin-tunae1
moeasurements.

JOHN T. HAYWARD
CaptaiM, UL3N
Commander
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VInD-?TDOIL 3NOlU6 CLAUCUMCISICB Or THE
7-CAL=~ hRNY-NAVY SPDOMW IOCXZ

In TV ODCTION

1. The 7-caliber Araw-Navy Spinner Rocket (Figure 1) In the
intermediate length ONer of. agoup of three lov-dzag rocket shapes,
vwhoe aerodynamic obaewteripeiic ame the subject of a joint Arwy-
Navy resarsch program. Measurements, at small angles of attack,
of these characteristics have been mad. In the ranges at the Ballistic
Research laboratorise, Aberdeen Proving Ground, at supersonic speeds
(reerwoene a and a) and at transonic speeds (reference d). The
aerodynamic characterist ics of the three memers 3f this program have
aleo beem measured In a wind turnel at !ow subsoni.c speeds (ref eez Cos
b and 0). Late in IM,2 at the Meuest of the Bureau of Ordinance (Io3d),
the NaalX Ordnance lAboratory undertook the problem of determining the
Mague characteristics at spinning projectiles. A logical choice of
model, an which to perform the f irst vind-tmenl mcasurements was the
7-calibor AIW-Navy Spinner, alms It was a simle shape of typical
missile propor ilaw and since there were considerable range data
available with ihich the wind-tuinml data coiiid be compi--ed. The
initlation of a program of Negh-ne ssaurement necessitated the
development of suitable Instrumotation not only for the force measure-
at syste, but &ale for the moel rotational power. The problem

wa acownuimted by the smIsese at the Magaus farce* compared to the
other forces acting cm the model. A discuession of the Instrumentation
proble and the solations thereof will be found In the Sectien on

2. nise tests owe performed In the SOL 40o x 10 cm Aeroballistics
Tunnel go. I (referwoe f), anopesi-jet, Intermittent type tunl This
tunml me primarily desiped for supereosiu; testing but it can be
operated at eubeonic speeds by Inserting a converging nozzle snd uping
an adjustable diffuser a a throttling valve. Xsihus force and moment
ussurement wc." mae using an "eeterml" *train-~g balance, with
an air fcoasterhturbine providing the rotationl power.

Bysole

Cy w wlnd-tunma sidet forca coeff icient a Y/qB

Cy a wind-tiinml YWMia men coeff icient u 'V/qSd

% aNaosa farce coeffiienet (at a given angle of atterck)

(Note: All aments are referred to e.g.; see Figure 1)

1
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Symbols (continued)

U -_ aerobafliatic Magus force coefficient. isps )p pl qS

C14p . M4agnus moment coefficient (at a given angle of attack)
a Cm

C%4I . aroballistic Magnus momnt coefficient - [(upe )p4/(O)ý qSd

d n body diameter (0.167 foot)

T w range Magnus force (poimod)

1. 0 vector operator a yr__
a range Jmgmus force coeff icient,. F/" u caG

KT range )kbisgu moment coeff icient a -T/A, u w 4 )

10 = model length (1.167 feet or 7 calibers)

H a ibkc numnber

~ )I arobaflistic Magus moment or yawing moent due
to pinvelcit atan angle of "~tack (foot-pounds)

[(Npf )p~j aerobaLliati; %W=nu force or side force due to
spinvelcit at n agleof attack (pounds)

p a rotatioaml velocity (radians/second) or (revolutlons/second,rps)

q a dynamic pressure, mAy 2 (pounds/feet 2 )

Be a Reynolds number based an model length a V-1a

S a reference body cross-sectional ares, - ld 2 /14 (feet2 )

T a range bHagau moment (f vet-pounds)

u a free-stream velocity-range (feet/second)

V a free-stream velocity a u (feet/second)

Y a wind-tunnel side force (pounds)

a * angle of attack (degrees or radians)

.4 w angle of yaw (degrees or radians)

2
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Symbols (continued)

er- ror gotation

*aeroballistic sand range complex yaw angle + 1~ 0 )
(radians or degree)

-j a free-stream viscosity computed by Sutherland's formilla
(pownd second/feet ) (09s 00 for wind tunel)

. free-stream air densi2ty (aluga/reet 3 #b~c2/f**t4I)

w~ a rawg rotational velocity a p (radians/second)

Vr'w vin2-tlinnl aide or yawing momnt (feet/pounds)

3. O&V the awre important features of the Instrumentation are
given in this discussion sand none of the proliminazy tests which led to
the design of the present instrumnmtation are described. H0'ever, the
instrumentation described below -A preceded by severma prelimbLmry
set-ups, each of which yielded informa~tion that indicated the need for
changes or add iticax to the equipmet, sand although the present set-up
will yield data of sufficient accuracy said "eliability for *am
purposes, the set-up is not en "Ideal" solution (see unertainty
estimate, peragreih 30) for the measuemwent of Vlamu offect aon spi-Iug
models. Further developmet is required amid la now being carried out.
In the future, data of awe reliability and accuracy should be obtained
because of impoved instrumetation, test techniques, &sa moe varied
test conitions such ws testing at plus sWalmins -mges of attack,
testing with plus and minus spin directions, etc.

I4. A sketch of the model, balance, aind support system is presented
In Figure 2. The instrumentation used inside the wind tunnl in this
test Is divided, for the purpese of this discussion, into the ftnLlowing
parts:

(a) A sting-supported spinnIg model, mounted an banl bearings
aid powered by an %ir turbine wheel in +be base of the model (see Figure 3).

(b) A strain-gaged sting with the ~ag sections located
immediately behind the model (see Figure JE).

(c) A tachanter pickup which has an A .C. voltage output of
the sawn frequency as the nodel rotation (see Figure 3).

(d) A support system which permitted a small. variation of the
angle of yaw as well as variation In the angle of attack,. The variation
in yaw singli remove say trim arzgle In the yaw plane (see Figure 5).

5. The model used in this test consisted of a thin aluminum
shell mounted ontwo high-s4Sd ball bearing. A magnetized steel ring

3
COW IDUfILU



CCrIWIMrxAL
14VCORD Report 3813

was mounted inside the model and rotated with the model to induce an
alternatung s.a.f. in the stationary tachometer pick-up coil. An air
turbine rotor attached to the model near the base provided the model
rotational power. Maxzimum spin rates of about 36,000 rpm were used
in these tests; higher spin rates can be obtained , If desired, with
motive power ot this type. The other components located Inside the
model were nosh-spinning and consisted of a sting extension on which
the bearings, the tachometer pick-up coil, mod the turbinhe air-inlet
na'ýzle unit were mounted. The high pressure turbine air (over 100 psi)
was suppjiled to the model through the hollow sting. After passizag
through the turbine blades, the air was exha~ust-ad through the base of
the model. The following are among the more important requirements
which were met as far at possible In the design and manufacture of the
model and model components:

(a) the spinning model shell was made as light as possible end
the concentricity of all surfaces was held to a close tolerance to
minimize* any mass unbalance which might induce vibrational

(b) the support bearings were widely separated to reduce
"rush-out" In the model due to "slop" In the !:earings end thus minimize
dynamic unbalance due to run-out;

(c) the spionsing tachometer -poet was made Of hardened
steel since It was learned that Alshico mangets would esploe at the
spin rates attainable with air twbiw drives;

(d) the shoel-mhotor combination was capable of being dynamically
balanced byi the addition of small weigms in two transverse planes,
-n of which was located near the shose end the other vas located near

the roar of the mdoel. At each at these transaverse planes, there was
a ring of tapped holes Into which eiLU set screws could be inserted
to effect the dynamical balance. These holes were, or cowrse, inside
the m=del.

6. The sting used In this test contained two t -.in-gaged yaw
sections (son Figure Ii). The strain-gag bridge for the front section
gave a D.C. signal voltage proportional to the yawing momt ahowt a
point 0.68 caliber in front of the base or the model. The art @train-.
gag bridge gave a D.C. *Signal Voltage proportional to the yawing
mIen shaout a point 3.80 calibers behind the base of the moel. To

eliminate any possible effects of air loads on the balanhce itself, it
was enclosed in a windshield which extended forward from the sector
Into the base of the model (see Figure 14). The long, hollow sting was
mdct In several sections which wer assembled and silver soldered
together before the strain gages were mouihted * This type of coubtruct ion
was necessary in order to provide a suff iciently large air passage
through the sting and to permit the machining of gage-section walls of
thicknsses sufficient to insure relatively high sensitivity to applied
yaw loads and yet provide adequate strength for high pitch loads.

J1 4
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7. The tachoentur pick-up coil consisted simpl.y of a OULU Coil
ot fine wire wound around a soft iron cwor. One end of the core was
mounted with onl.y a few thousandths of an Inch clear&=ce between it and
the spuing ingest so that with the model ("n -gnaut) spi-Ilg en
alternting e.m~f. was Induced in the pick-up coil (see Figure 3).

a. The sting-ounted model was cleared in a so-called sWOr-yw
device which permitted a ! 2 degmee adjustment In the yaw angle
(see Figure 5). This derv1c* was In turn clamped to the sector with
which the angle of attack 1. varied. When the model Is IcatsaUd in
the tunnel there my be, end in fact usually Is, a ommill angle in the
yaw plane between the model axis ond the air flow. This angles usuially
me MU~ degree or les", can be tolerated for mant wInd-tummel tests
since, Its effects cam be omove from the f 1=1 data. Kewever, with
a gemitive balance such sa is required for Magus massurments the
moment due to this yaw angle my be ler~e comipei' to the Nagos it
end my Introduce dlfficiiities 15 accurately recording the data.
Therefore, the inuro-yaw device Is used In Mgmus measurements to eliminate,
moments in the yaw plane.

9. The instrumetat ion used outside the tunnl in this test to
divided, for the purpose at this discussion, Into the following parts:
(see Figure 6).

(a) A pre-amplifielr to avplify the voltage, ot the tachometer sigoel.

(1b) An audio frequency oscill~atr to provide aLbmllatin
frequencies for use with the twacheter instrumentatuen.

(a) An ewnspmul-ls iact to mesaws eithr the
callbratiaa frequencies or the amiplified teabowto output frequency.

(4) An oecilloscope to moitor the simph!f led tachometer signal.

(e) An electrodic tachometer to couvert the am'plifid alter-
noting voltage fram the pick-up coil Into a direct etarent voltage
Wropotiomel to the model spin frequency.

(r) A serro system to position the rscorder carat as a function
of the miodel spin rate And In so doing, mall out the D.C. Voltage, at
the electronic tachometer.

(g) A 6 volt battery to a~pply a D.C. voltage acmes the straim-
gage bridgee.

Wh A am"in and calibration circuit for each strn..gage bridge.
(I) A D.C. amplif ier for each sa In-gage, bridge to amplify the

unb-alac voltage, betwee the bridge and nulling circuit; the unbalance
is Ind icative of any moment, due to air loads, ahort that straIn-gage
section.

(3) A two channel recorder which had been modified as stated in
paragraph 19 below, to uLke the chart position a function of a third varisble.

5
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10. Any high gain amplifier is adequate for amplifying the
pick-up coil signal. In this too% a General Radio Anplifieor was used.
for future toots the use of a Techtronic direct coupled pre-amplIfier
is planned since this pre-amplifier bas built-in circuits to rmv
say undesired frequencies (in *4h1s case sixty cycle pick-up which gives
trouble at low rotational speeds where the tachometer voltage Is low
and high amplificat ion is required).

U1. A Hewlit Pkackard Audio Frequency Oscillator was used to provide
calibration frequencies . In obtaining Magnuo data the oscillator was
used Lu the following mnoer; f or zero frequency, the chart was set to
a zero position. The oscillator Was set to th. desired top frequency to
be used In the test, Lu this case 600 cycles per second, eid then
switched into the tachometer circuit. The chart servo systaim would
position the chart at the point corresponding to 600 cycles per second.
The distance between the zero frequency chart position and the 600 cycle
per second chart position provided the scale factor for Chart Position
versus spin rate. The oscillator Was also set at 5O, WiOO 300, 200,
and 100 cycles per second to check the linearity or chart position with
spin rate. It Was found that the chart position uncertainty we
Saspzenitel~y ± 1 per cent.

22. An evezits-per-unit-time counter, called an M IUT ter, vex
used as a standard frequency or spin-rate measuring device. This
instrument, produced by the 11erk.2.y Instrument CampW, is accurate to
the Raerest cunt. In this test it was set to count cycles per second
and Won used to cheek output frequency of the audio oscillator end the
made). spin rate.

13. A Duowt OsciL.2scops, was used to mouitor the amp'l4fied
tachometer signa2.. This Instrumet hd two purposes: (a) it could be
used as a voltmeter by comwaring the peak voltage of the amplified
sital with a calibrating voltage available In the oscilloscope, (an
A.C. voltage at at least 5 volts Is required for cwra;.-t Operation of
the electronic tachometer), and (b) It was us"d to detect the presence
of hezrmoics In the amplified pick-up coil sigml (the oaeinl Radio
Ileetroaic Tachometer will count hesmanics as well as fundamootal
frequency and thus give en eTRrious frequency reowing if the amplitude
of the harmonics Is excessive).

lb. The amplified pick-up coil output was fed into a General Radio
Ilectronlo Tachometer. Thts instrumet has an indicating meter (a
D.C. millie"meter) which Indicated the frequency at the A.C. Signal
connected to Its input. Instead of reading the deflection at the
indicating meter, the voltage drop across the moter was used to provide
a D-7 *Voltage, proporticonal to the model spin rate, Which could be
used as a $i401 to operate* the reor%.Wr chart, Positioning servo, system.

l4. A serVo system which positioned the recorder Chart as a
function of the model spin rate was the final part in the tachometer
system. This servo eystem, vas built around a Ieods end Northrup

6
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Sp~ed-o-sur Amplifior ada pen-drive motor.* The sB1ua obtained from
the General Radio Electronic Tachometer was nulled against the voltage
drop across a helipot. The helipot was geared to the recorder-chart
drive system. There~fore, when & stiady =Ao~l spin rate was attained the
servo system would drive the chart to a fixed position and rotate the
hellpot to the position required to null out the signal obtained from
the electronic tachometer. Since the helipot was geared to the chart
drive, this means that the chart position was a function of the model-spin
rate. However, if the model-spin rate vas continuously Increasing or
dec'-as1.ng as in this test, the servo system wou]d never attain this
null condition but vould always be slightly "behind" the true null
position. This Introduced & "hysteresis" effect between Increasing and
decreasing spin directions. B y regulating the pin of the servo amplifier
And the voltage across the nulling helipot it was possible to decrease the
width of the "hysteresis" loop to approximatel~y the width of the recorder
pen line for the rotational accelerations used. I. ais, slightero
Introduced no significant uncertainty Into the data.* Controls wr
provided to adjust both the chart zero position, and chart spin-rate
scale factor (see Tigure 7).

26.* The strain-gage bridges were powered by a 6 volt battery.
No provision was msdo for regulating this voltsg,^ end therefore, the
volta~ge must have decreased continuoiusly with time. To take this into
account, the chart calibration cur's for strain.gag bridge unbalance was
"rposted at frequent Intervals during the test.* It vas found. however,
that the chart calibrations did not change with time (wlstzi the accuracy
of the calibration) even over 5 days at continuous testing, which Indicated
that the decrease In battery voltage vas insignif icant. D.C.* paver to
the straik-ga bridges vas used for several reasons. Prelimines tests
Indicated that zero shifts In the electrical balance, of the bridges due
to temperture effects, were of the sae order of magnitude for either
A.C. or D.C. power. With D.C. power to the gages, D.C. an"lIfier with
highly filtered Input circuits could be used. With an A.C. system, the
amplified bridge, siguals shoved large variations near all resoamnt-
vibrationl frequencies of the model and sting as well as large variations
at all MUltplee and sub-ailtiplas of the strain-gag carrier frequency.

17. A nulling and calibration circuit was provided to "ser" out"
MW initial inbalance in the bridge circuits and provide a na& of
Calibrating the balance that Is independent of applied voltage to the
bridge.

lB. A loeds and Northrup D.C. Amplifier was used for each strain-
gage circuit. Theme amplifiers are equipped with input circuits
which f ilter out any A.C. cumponents in the strain-gage signals. This
eliminated the troubles mentioned above in paragraph 16. It was also
found that the use of the*e D.C. amplifiers permitted higher amplification
factors because of their greater stability and because of their greatlIy
simplified nulling and calibration circuits as compar ed to the phase
shifting circuits required with A.C. strain-gage power. These D.C.

7
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amplifies contained built-in step switchee, the use of which made
available a range of amplification factors each of which has a known
and exact multiple of the alphers. This feature simplified data
taking In that the esplifiLea. ion could be changed over a wide range
of values without recalibration.

19. A two-cbamel Leeds and Northrup Upeed-o-max Recorder va
used to record the data * This recorder as purchased from the manufacturar
was equipped with both a time-drive systm and a eoosyn drive system
for the chart. That is, the chart position could be a function of time
with chart speeds of either oeInch per P±nute or thirty Inches per
minute, or the chart could be positioed with the selsyh motor. This
latter method of posit1ioing the chart essentially converted the
recorder to an 11, 12, and recorder, that is, two varlable.; could
be directly recordst as functions of a third varlrhls, provided that
the third variable could be related to Use rotatImal angle of the
seeisyn gmnrator controlling the posltion of the selsyn motor in the
chart drive syetem. The two pea recorder converted to an X1, 12, Y
recorder, Is particularly sultable for recording data such as Igous
forces continuously as functlons of model angle of attack. Nowever,
this seUyn system Is not easily adaptable to recording an iAdepMdent
or e?" variable which Is available as a D.C. voltage. Therefore, a
servo system was mead to position the chart vith a D.C. voltae. The
chart-drive solsyn motor vas replaced with a serro, motor and with this
change the recorder could then plot two variables each as a function of
a third, sash depoedent variable (11 or 12) being a D.C. voltaqe
between 0 aM 10 millivolt.

Test !echumi•4

20. The model uased Is these tests had an air "coastser turbine
for Its rqtAtiowal power. The term "coaster" means that this model we
designed to be brought up to a certaln speed before the vind-tunnel blow
wes started.* Them with the anwle of attack sot at som nominal value,
the blm vas started and flow established, the high prsswre supply
air to the turbine wes cut off NAn the model's rotiational, spued
allowed to "decay" during the duration or the blow. StraAz,-~. balance
data were ccrtimaousl~y recorded as functions of spin. This type of
"dta-taking procedure wes Intended to avoid wW possible effect of
turbine power an the strain-gage balance. The disadvantage of this
Procedure wes that the speed decrement during "coast-downa" wes sm,
thus requiring several indi-t'mmsl blows to cove= the desired roatioml
speed ran•, for sach angle of attack. Wi model-motor-balance
c-mblnstlon "a checked for turbine-power effects on the balance by
running UP the routaional speew with the wind Off and noting the
balance output. The rotationl speed had no effect on the strain-S"
balance. With this fact established a "power on" type vind-tunnel
blow wes attemted. This "power on" type blow revealed: (a) that the
"power on" roatIo1nl acceleration we such greater than the deceleration
waich occurred during a "coast down" type blow, (b) that a higher
maulinzm rotational speed could be attained.* These Opwavr on eff ects
were Probably a result of the Increase In m,,•lz power that the turbine

Cowr' I=AL
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coiuld develop, due to the reduced back pressure to thu air turb;.ne

caused by reduced wmbient air pressure in the wind tunnel during the
blew. This increase in turbine power made it possible to cover a larger
speed range iu a single blow, thereby cutting down the required wind-
tunnel time by a considerable amount. These conditions were Buff ic ier~t
to warrant the performance of this type of blow for the entire pro grarn.
At ons test condition 14 n 0291,j ax = -21 degrees, a completely uon..linemir
set of recorder traces were obtainod, which looked unusual. This
condition was repeated end test data were taken for two "power up"
type blows and a single "coast dovn" type bla's. The data are presentoel
in Figure 9 as further justification of the "power up" type blow.

21. This test program did not include Mach numbers higher than
2.146 because: (a) the eaximum M~agus, force that this size model was
able to develop was approaching zero, and (b) the balance used did
not have the extreme sensitivity required to zomsure these minute for-es.
Four subsonic Vlach numbers were choewx to cover the entire subsonic range
with special emphasis on the high subsonic end, where aerodyn~aic
characteristics usually have the largest variations.* The angle of attack
range for this program was approximatel~y 44 degrees to -21 degrees.
This sign designtion vas used strictly for convenience in the wind
tunnel.

Coefficients

22.* The definitions for side force and yawing moment coefficients
(in this Case due to Ylagnux, i.e., due to spin at an angle of attack)
In use In the Navel Ordnance laboratory wind tunnels are

C! a Y Side force coefficient

Cy a~ Y awing moment coefficient

23. The aerobellistic Magnus forcei end moment coefficients as
defined in references (g) and (h) =ae

Ciq ND' . p . )%us forces coefficient
(P-d() qS

H~ Magnus mcamet coefficient

9COF ThKY4IAL



COWOMIJAZ
MYCO Report 382.3

24. The ball1istic Ihpous force mA qan coefficient 6sf Initioms
am given by referaenes (g) and (h) (see also reference (1)) wes

I. F ftwa force coefficient

it, -T Mgnus mment coefficient

25. From these def initions, for the sam eangle of attack (or yaw)
with reapect to the win vector, the folloving relations, valid for the
viad-tumenl case, can be arrived at

cEI... f(2InK the case, of the

Tke bracket& ft the above rUlatiaw are Included to indicate that these
quantities say haye eltber a positive or nsLtive sign, and thet the
sig which precedes then Is thee as part of the defInition.

26. It the slple two diamasional picture of the Magous effect is
oes1idered to be •atin en a spinning body at an eangle of attack, the

above coefficiets vii bsve the following sips.

center of aNo. Ahed of Center of Gravity

49,p 40 -p, .0 4,l~) .,0 -pj 40

C7! 0 4a

C• . ,,, 4 4.Cl• + +
C++ +

NY + + +

Cy - - + +

]? + + 4

C~aW!IAL
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Center of Niacs Behind the Cenzter of Gravity

4' , 4 t p, -a *pp a -ps 4m

C, - . ÷Cj•. + + + +

Cy + - -

"IT-

hata Reduction

27. The Tov data, taken at fixed values of as of attack, vere
"lnwhar" with rotaion. l velocity vith only a single exception. This
greatly simplified the data reduction by making it possibl, to reduce
the data by slopmes." Instead of taking particular points on the
recorder t' cee, straiatr. line wore faired ovw the traces and these
slope converted to coefficient slopes. These coeffoicient slopes

er the chaoge in side forO ooeofficient and yawing somit coefficlent,
Cy and Cy, respectively, vwth spin (i.e., dCy/dp aCy/dp). Fran these,
the Mgnus coefficients vere obtained

C .a.. a + ldc V 1/j2 . Ch

It Is to be noted that the above coefficients,, Cy. CY, i, C , C NCn%,, and
C% ae all non dimasional.

28. The only cozr•etion applied to the data vs the shtlig of
the cGuvos to the trimed angle of attack condition. A correction to
the Indicated angle of attack due to pitch plane loads me determined
and found to be ony 0.3 desroes at am ladticated angle of attack of
22 decrees, at P - 1.56, the condition of reatest pitch loads. This
correction to the Indicated angle of attack saowted to leos than

11
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2 percent at mant, and would not cont~ribute significantly to the
- ~improvement of the datc.. It ves, therefore, omitted.* It should also

be noted that this correction was computed using no-spin static pitch
force and wmmnt data taken during another program. Corrections to
the data due to ;itch or yaw Inturactions were not required with the
strain-gage balance lined, since these interactions were removeid by
electrical shiunting In the balance bridge circuits (see referencea)

29. The stanadard right-hand coordinate system, as used by the
National Advisory Committee for Aeronautics and the Ballstic Pee earch
laboratories, was adopted to def ins the orientation of the model in the
wind tunnel and establish the sign cannonntions. This system is shown
iv Figure 8 (see references g and h).

Accuracy

30. No computation has been mado to determine absolute probable
errors for these data, however an Indication of the accuracy based on
the repeatability has been made. The coefficients Clip and CHP VOeh
taken in two Lproups; one group of data being that whic~a wes included
in the angle of attack ranges from +4J degrees to -8 degres.; end the
other group of data being, that which wes obtained at angles of attack

- -. from a - -8 degrees to a. -21. degrees. Thi grouping was done for
alU Nsch ausbers. On this basis the average deviations In the coeff I-

Gients CNp* C1P weie:

CM

t 'S 40 J 40.0083 ±0.013

-210~ 4P ( 8 40.01f1 !0.0316

If these deviations were consdered as average devat ions in percent

of the measured coefficients the result would be ______

______ £cN/CXP £C*P/CMP

-8o 44 + I~ 9.2 percent ±35.0 percent

.210 a ' -80 Jj_±.3Percent 46.3 percent

That the percent error should be larger for the low angle of attack range
is to be expected, since the coefficients are approaching zero. A better
estimate of the accuracy of measrewmst might have been obtained :if the
percent deviations were determined using the actual forces* &a mommnt,
and considering the data as being peart of a large foree and ment group
aW a small force and moment group. This would have been a awe
realistic eat imate in view of the fact that at high subsonic speeds and
relatively Jow angles of attack apprecial". larger forces and momets were

22
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obtained than at high Mach numbers and high eJl•le• of. attack. Unfortu-

natel•,, due to t2•e •e•k of a sufficient number of repeat points at a31
an•los and at •I I•ch numbers, an •deq•t• s•atistical error analysis
was not tn•cttcable.

Results

31. A complete definitio• of the vind-t•n•l teI• ccadltlon8 is
presented in Table I in which the Reynolds number (baaed on the model
leith o• 1• iaChos)p the dy•malc pressure, the flux density on ma•s
flow per unit sa•a (•V), and the :azlmum Ms•nus force sad a•en•
aea4ured at 600 revolutions per second, are %abulal;ed 1"or each W•c•.

nunber.

32. The "basic" side force and yavin• aamsst €oefficis•ts, (about
1•e center • graw1•y) Cy e•d C¥, sre presented in Figures 10 to 19 as
functieas of %he ro•atlonal velocity, p (revolu*•icms per second), for
constant • a8 of attack. This is in the sam Mmersl for• as the rsv
data •,ere obtained dur• the actusl •e•in•. The aAtera•te plots of
Cy •nd Cy are • in the orde•r of L11c:e•aln• M•ch nuaber from
H m 0.291%0 M s 10•. These •i•u•'e• • •t 1•e • €•cter-
istics of this €onftKurattcm exhibited an orderly behavior wJth spin
rate, • of &tt;•ck, • Mach •; the fl•wes also shoe cel'tain
no•worthy fe•ture• of both •he subsonic M•nus characteristics • d the

--_T•- SUl•Z•onlc Ms4pnm • 1•n-is•tc8, which viii be discussed beloe.

":' 33. • .• , t• • o• st. s o.•1 (•s•s io
Sii) exhibit tJ• amrt. m4-ksd v•rlsttcms in I• eJ•w•ct4risttc8 for
e£1theNschnuabers•es1•. It•nbese•freo•heeetwof•uree•. :
at • exiles of &tl;ack• the Ma4pltw cha.vsac•n'ts•ics L•e 1/J•ar vtth
8pln r•te. As the s• of attack i• increased, the l•Ity .•" the
Magnus •te•isttcs vlth spin perl•lt;• but onA7 up to • cell•in spin
velocity. At • point the data •brul•lF take • • different linear
relatAo•slaip with spin. • "bi-ltnee•" behavlor €ontinues with
lncresae in sa•la of attack until at an an•e of attack of -21 de•roes
the Magnus variatt• with spin beck•as cemplete!7 n•-lln•r. The
ne• pair of Fllpr•8, 12 sad 13, ]p•lm•t • •1€ coefflcleu• st
)4. 0.600. These curve8 are eese•tinl• the Jams as those for M = 0.:•
except ths• the n•u-1!=m4- beh•vio• at • . -21 deKl•as hss become
"bt-llnasr." The m•nltudes of l•e coefficients in these plots are
sl.l•ht17 1Ark'st t, hin tho•e preient, ed at M. 0.291. Flgur• ll• throu• Fi
]•I•*II4MIlt •20 d•1• ol)•l,:LDe• &t )4 -- 0.810 • 0.91•. The •meral for= or
these cu•-yes is the II a8 the curves for )4 = 0.600 except that the
nagnt•u•es of %he coefficients have • IAr•r with the increealn•
•sch nu•er. G•e senersA effect which can be observed is •et the
"break" in the curves becom8 less prc•1ounced vlth lncree•l• Mach
numbers. The occurrence of the "break" or "corner" in the subsonic
data is at present unexplainable. The polnts a• which these •oreak•"
occur •re n•t accurately defined because of fluctuatlo=a in the
recorder trsces due •o model vlbraticm and tunnel turbL1ence• a•d
because the ch•e in the sctual recorder trace slope3 for •ost cases
fs s•.

AS
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3Ii. Tho plots of Cy and CV at X a 1.57, Figures 18 and 19, are
included to show the mxrked linearity of those coefficients with spin,
even at the highest angles of attack, as contrasted to the "bi-linear"
variations at subsonic speed.. The primary coefficients for the higher
supersonic Mach mers are idenitical In form to thoo. pr~esented in
Figures 18 and! 19. They are not presented here since It Is felt that
the data at N Is 1.57 are sutfficiently representative of all the super-
sonic Mach numbers.

35. The next group of figures present the Magmas rorce coefficients,
CNp, the Mihgaus momnt coefficients, CM.~, and the center of Ma.gma. The@e
coefficients my be written as

C% aC%-/a CY(2V) %CVV Ca aCy JZV)

These coeff icients are the next logical step In the data reduction since
they are essentially the slopes of the basic coarfficients * Th3 subsonic
Magmau coeff icients are presented In Figures 20 to 23; soli'A curves ha~ve
been faired through the points which represent the initial slopes, uip to
the break, of the basic coefficient curves. Dashad curves have been
faired through those points which represent the slopes ("secondary" slopes)
of the basic coeff icient ciwves after the "breaks." %ha "asecndry" slope
points for K a 0.291 have not bee Included In Figure 20 because their
erratic behavior def in@* no distinct curve. This group or subsonic' figures
revealsa that there is a smouth variation atfN and N With angle of
attack (even for the "secaodary* slopes) end a gradual Increase in the
magnitude of the coefficients with Increasing Nubh nmber. Mw. Increase
In coeff icients with Mach nmber has already been pointed out In the
previous discussion of the subsonic baIsi coefficients. C and HPat
M - 0.291, X t- 0460, and M a 0.810 appear to be Increasing with angle of
attack and give no hint of a peak or mailnui within the angle of attack
range teste, but at X n 0.914 at the higbest angles there seame to be a
suggestion of a peak in the Cjg- cumv. it would be Interesting inL the
future to make measurements at hihe angles of attack to determine, If
and! where, the Magma ,ceff icients attain a mxlan value.* The supersonic

pltse xf Cw edCa axwe presented. In Figures 24~ to 28. These curves
hays, tenLworthy difference from the subsonic curves In that at angges
of attack between, 10 degrees and 14 dpe.. the Vw Mog coeff icients have
attained their greatest value. Further Increase in angle of attack is
acconzanied by a diminution of the coefficients. Although there are
relatively few MOSCOW data at the positive angles of attack, the Cyp and
CH. variations appear to be udd functions of the angle of atlack, I.e.,
the curves haveO Origin sYintry. It Gae that at small sng10s o( attack
the data might be fitted by a polynomial in a of the form Xx + 3z-3 .

36. Also presented with the Magnus coefficients in this group of
figures, are the variations In center of Magmas with angle of attack;
tUe Center of )HgUM, positions are given in term of frac'Aoss of body
length from the base. The curves of the subsonic centers of pros sigr
show a 0=11 rearward movement at the hihe singles of attack and practically
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no variation with Mach number. The curves of the supersonic centers of
Magnum have a Small "in" variation with angle of attack and also no
significant change with Mach nmber. There is only approximately a
10 percent oC the model length (or .7 calibers) variation In th. center of
Magnum for iUl Mach numbers tested, If the data points at the amlfl angles
of attack, whose scatter would normally be expected to be large, are niot
Included. The center-of-M1agnum curves have been faired to that value
of center of Magnum as determinad by the Magaum force and wonwat coefficient
slopes at a a 00.

37. The next group of Figures (29 to 37), Present the Magnm, force
And amemt coefficients in the form C% and C % . These curves were

constructed using the fared curves orfN and %M. and Using the

relationships, a ., and C%. -C. These relationshias yield

aecant-slope" values or CM aOM Calm at all angles at attack other than
seo degrees. At a = 0 degrees, these "secnt-slop6" coaff icients are the
actual Slopes of the N and CacreIe, (C%)CS. 0 oU 0 2X..
and (C %lm) o n(dCM,) . For the seconary slopes (as previously

discussed) the above relationships were also used.* These curves behave
li1e even functions of the angle of attack and have the appearance of
parabolas at the Sa&:l angles. The Magas. force coeff icient C% as

det lnft in the table presented In the section titled *Coefficients" is
positive In sign regardless of the sign of the angle of attack or the
alga of the spin velocity. The Nagnue amint coefficient CH.m is similarly

independent or the sipns of angle of attack end spin velocity (or combine-
tions thereof) and depends only an the location of the center of Magnum
with respect to the center of gravity. C'4- Is positive If the center of
Magnum Is located behind the center of gravity and negative in sign if the
center of Xawz is ahead of the center of gravity.

38. Incuded in theee plots are the values of NP and Cl as

obtained frost free-flight range firings (reference c)P The range values
are shown in these figures as horizontal lines betwesen u a 13 degrees
because these data ower obtained from range-f iring rounds vwhoe anula~r
oscillations varied approximitely between these limits.

39. An overall picture of the test results can be obtained from
Figures 38 Sand 39. In these figures C~, and Care plotted aginat Mach
number for varicum angles of attack. The subsonic portions of these pLots
present curves for angle of attack up to 20 degrees, whle the high angle
of attack curves have bee - citted from the supwosonic portion. This was
done to Preserve the clarity of the presented supersonic cu-.wes since the
higher angle-of-attack curves would be superimposed over the presented
curves and would be confused with %hea.

B DL 876 contains only supersonic data

cCOI~nDWrAL
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40.* During the procoeuing of the data it was noticed that the peak
supersonic values of C~1, platted against Ptach number could be approximated
by 1/ fXJ1i. This relation was included in Pipur 38 to demonstrate this
approzimatiz. The authors do not vish to Imply that this relationship
would hold for all1 models, but It does appear that

(C~p)" - KJ :

might be a relationship which would describe the miaximu Nie~gus coeff I-
cient obtainable at supersonic velocities, where K night be a function
,of the model shape and f ineness ratio (K~ 1- for this mcdel) . Further
evidence should be sought to check the validity of this apparetnt
relationship.

41l. In Figure 0 are presented CN., And vaTlIues versus MaSCb

number for swall- angles of attack from the haval Ordnance laboratory wind
tunnel and the Ballistic Research laboratories f iring range results.

*42. Before giving saw came1nts on the cozpa ison between the
resulta gsented in this report end the Aberdeen ballistic range deter-
ainat ion of the Ylgums characteristics of the *even caliber AN Spinne

Rocket, saw clarif ication may be in order for Yigur.~e II0. In this f igure
the data points with the square symbols are the values of Cilia and Cderived from the wind-tunnel e nd CMP-caefficleflt valme for a eq&~
to 4e degrees. The curves fitted to these points wre curves fitted by Wee
to the points and are only presented to Illustrate the general trend or
the data with YA~ch matber. The data points with circle symbols are the
values of Claand Clacoefficisats derived fro the wind-tuomel, p
end Cpcoefficeients versus a slopes at a equal to 0 degrees. Again, the
curves through these points have been fitted by eye and Illustrate the
general trend of the vind-tunue1 data with Hach eamber. The shaded triangle*
represent data Points taken frost ERL Report $76, waes 53-70, and courerted
to Ciiend Cycoefficients (see section on "toefficientse for the
relationships used to convert KIP aid KT to CII, &an Cl%ý coefficients). The
Ballistic Research laboratories curves fitted to those points were fitted
by a stat is-'bIcal method that was fairly involved and, therefore, is not
ex'plained here. The shaded diamonds r~apresent dsta points taken from
ERL Report M1, pages 19ý-2i4, and cozxet~ed to Ciiend C)J coeff ic ients.
'rhe curves fitted to these points were fitted by a statistical method that
was also fairly involved and is, therefore, not explained here (gee
BRIL Report 8T6 and M~L Report M7 for the methods used for f itting curves
to these data).

4i3. since (a) no analysis has been made of the data proesawte in
this report; (b) there are several obvious differences between the
exper:-%ental conditions existing for a sting mounfted model In the NOL

40z 40 'M erobal~listics Timnel =Ad a model f ired In the BRL Ballistics
Range; and (c) there bre differences In the data reduction procedures

16
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between the wind-tunnel and freo-f light daLd presented in Figure 4o,
nio direct compelrso ahould be expected. However, the correlation
between these d&ta shows sowe trends which appear to be significant and
are therefore mentioned below.

i41. For the reasons listed In the proceeding paragraph, no
detailed comparison of the wind-tunnel and firing-range data is given
or karraltd hewce, let It suffice for the authors to state the
following:

(a) At supersonic Nach numbers, the range and wind-tunnel
values for both a1% CHit, afe essentialy In agreement within the

experimental accurcy of the data.

(b) The subsonic Nopius force coefficients, as determined by
the wind tunnel do not agree with the values d..termined by the ballistic
range in that the wind-tunnl Magnu force coefficients appear to be
significantly larger then the Magnus fores coefficients determined from
range firings.

(c) As regards the subsonic Magnus In coefficients, the
wind-tumel and firing-range results are in complete disagreemint. The
difference between these results In Magnus -om1nt signs indicates that
the firing-range centers of DhMag are ahead of the projectile center of
gravity (C.G. )i.0Ol calibers from the nose) whereas the wind-twinel centers
of Papnus are behind the projectile center of gravty Generally
speaking, the wind-tunnel results show that there in relatively little
change In center-of-bHgnu position for the Mach numbers for which data
were obtainied; an the other hand, the firing-range results show a rather
large variation, with Mach nmber, In center-of-MllAgnu position. The
reason for this difference between wind-tumnel and firing-range results
Is, as present, unknown.

4i5. Figures 41 and 42 present soe typicatl schlieren photographs
taken during the program. All of the photographs were taken as Lktar:hroine
color transparlsncies using an expeimontal colcr achliaren system. The
black and white photographs presented here were reproduced from black and
white naegtive., made from the Utachone transparencies and are not as
good in quality as ordinary black all white schliere photographs, due to
the suciiiiessive reproductions and to the pocrer initial quality of the
Iktachrome transparencies. Color schlieran transparencie however, do
reveal variations In the flow patterns to a much greater extent than. do
black and white schlieren photograpDl due to the ability of the human eye
to differentiate changes In color better than gradetions of black and
gray. Figure 41l presents two subsonic schlieren photographs of the model
at a a 21 degrees and a spin rate of approximatel~y 500 reowlutions. one
photograph was taken when the Mach number was 0.810 and the other wan
taken when the Mach number was 0.9l14. The only marked difference between
the two Is the Increase in the density grad ient over the shoulder of
the model and the developen of the standirv shock waves In this vicinity.
Figure 42 presents a co ais=n, at X w 1.57, of the flcwl patterns around
the mode betwei a high spinm case and a no spin case. qhere is no
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*'qarent d ifference in the vortex patternks shed from the model between
the two, although there Is a distinct difference in the flow patterns
Imuuedlatelj behind the model base. The difference in tt~ base-wake
patterns between the high-mmi c~se and the no-spin case is attributable
to the turbine air supply being, exhausted out of the model base in the
spin case.

CONCLUSIONS

4'6. The data presented in this report were obtained as an
intermediate step in the development of Instrumsntation for the measure-
aunt of Magnus effects oan the NOL 40~ x4 ca Aeroballistics Tunnels.
The preliminary phases are now complete; I.e., Magnus measurements can
now be mad.s with relative maoe at typical scaled splia rates and for angles
of attack from zero to ninety degrees. )4ucii work remains to be dons,
however, in improving the acciarucy of the data, and In adapting the
Instrumentation, support system, and motive powver to various missile
shapes of interest. This firther development is now being carried an
but the authors bellive that the data presented In this report are of
su~'fIcient Interest for publication at this time.

4a7. It should be avident from these data that the aerobiallistic
Magmias coefficient defintions are Insdequate for nonr-linear Magmas data
(see references g and h). An anialysis of these and similar Magmas
"dto amy yield coefficelnts which remove such of the non-linsarit lea with
Mach ramber, spin rate, and angle, of attack.

46. The authors believes that Magmas data obtained from wind-tunnel
test asam of at least equal accuracy a&W reliability to Magmas data
obtained from free-flight range firings. However, the direct applicability
of theme supersonic wind-tunnel JHnSI data to the motion Of a spinnin
missile In free flight remains to be demonstrated. 1 Since the Magmus
diata obtained from wind-tunnl tests essentia~lly agree with free-f light
range results far the small, angle, of attack region; I.e., a < 3 degrees,
It is reacomblao to expect good agreement between free-flight motion
predicted from wlMd-tunnl data and the actual free-flight motion of the
missile at such small angles of attack. There is som evidence to boliove
that a simllar conclusion smy be forthcomaing for free-flight motions
Involving conhiderably larger angles of attack than those obtained in
firing ranges. 1 Wind-twrmcls have an advantage over firing ranges in
that not only my wind-tunnel Magmas data be obtained aver wide ranges
of angles of attack, spin rates, and Mach numbers, but it In also possible

1 Similar M0g011 data from a subsonic Wind-tunel test of the 6" Test
Vehicle and the 12.75" ~ntisubmarine Rocket have recently beibn obtained
bay the haval Ordnance Laboratory. These data are being used at nlehgren
to predict the free-flight motion of the missile by numerical integration
of the equations of motion. The coWputd results have been found to be
consistent with observed flight behavior.

18WI~rA
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since these variables may be tzeated am completely independent, to
ezercise a much greater and ore careful control over wind-tunnel
experimental conditions than myr be exercised in the firing ranges. In
addition the vind tunmels require no assumptions ms to the nature of the
variation of aerodynamic for-es In order tn reduce the data. At the
present time such assumptions are ade In reducing free-fliht range data.

19
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